I. INTRODUCTION
G aAs-BASED heterojunction bipolar transistors (HBTs) have been widely used in high-performance microwave and digital communication systems. However, they have a relatively large base-emitter turn-on voltage due to the large band gap of GaAs used as the base layer, and this limits the minimum operating voltage and increases the power consumption in circuit applications. For low voltage operation, InP-based HBTs are the most suitable candidate because they have a turn-on voltage of smaller than 0.5 V. However, InP has disadvantages of brittleness, unavailability of large diameter wafers, and high substrate cost compared to GaAs. Therefore, it is important to develop novel GaAs-based HBTs with a narrow band gap base. For this reason, GaInAsN has lately attracted considerable attention as the base layer of GaAs HBTs [1] - [3] . By incorporating a proper amount of nitrogen and indium into GaAs, GaInAsN lattice-matched to GaAs can be obtained with a significant energy band-gap reduction. However, because of the large conduction-band discontinuity between InGaAsN base and GaAs collector, a collector current blocking effect would occur, giving rise to a drastic degradation of current gain at a high collector current density [1] . Although by the insertion of graded layers between the base and collector junction, the current blocking effect can be suppressed, this complicates the transistor design and fabrication. We focus on GaAsSb as the narrow band gap material for the base layer of GaAs HBTs. In comparison with a lattice-matched GaAs base, the smaller band gap of GaAsSb should reduce the turn-on voltage, thus the power dissipation in circuits. Moreover, the band lineup at the GaAsSb/GaAs interface is staggered ("type II") lineup [4] , which would eliminate any collector current blocking. Although GaAs-based HBTs with GaAsSb base layer have already been reported [5] - [8] , their emitter-base junction was either an AlGaAs/GaAsSb [5] - [7] or a GaAs/GaAsSb heterojunction [8] , and the devices showed poor dc current gain and large recombination current. In this work, we use GaAsSb as the base layer to reduce the turn-on voltage. At the same time, InGaP is used as the emitter to increase the valence band discontinuity and improve the current gain.
II. MATERIAL GROWTH AND DEVICE FABRICATION InGaP/GaAs Sb
GaAs DHBT structures were grown on a semi-insulating (100) GaAs substrate by MOCVD. Epitaxial growth was performed in a commercial (Aixtron) MOCVD system. Trimethylgallium, trimethylindium, trimethylantimony, tertiarybutylphosphine, and tertiarybutylarsine were used as the organometallic sources. Carbon and silicon were used as p-and n-type dopants. The device structure is shown in Table I . A standard InGaP/GaAs HBT structure from Kopin Corporation was used for comparison, which has a base thickness of 1000 and a doping of 4 10 cm . GaAsSb is not lattice matched to GaAs, which limits how much Sb can be incorporated without forming dislocations. The Sb alloy composition of the base was chosen such that it would be close to this pseudomorphic limit at the thickness of the base layer. The Sb composition was confirmed by high-resolution -ray diffraction measurement. The thickness of the GaAs Sb base layer is 500 , which is in good agreement with published values for the critical layer thickness [6] , [7] . We also observed the surface morphology by atomic force microscope (AFM) and no crosshatched patterns associated with misfit dislocations were observed. This suggests that the GaAsSb base layer is fully strained. Mesa structure devices were fabricated. Standard photolithography and chemical wet selective etching were used in the device processing. AuGe/Ni/Au was used as emitter electrode and an emitter mesa was formed by using the emitter metal as an etching mask. The base electrode is Ti/Pt/Au and collector metal is AuGe/Ni/Au. They were formed by lift-off processes and alloyed at 410 C for 10 s. The devices were mesa-isolated and did not receive any surface passivation treatment. 
III. DEVICE PERFORMANCE AND DISCUSSION
The dc performances of the devices were measured using a HP4155 semiconductor parameter analyzer. Fig. 1 shows the dependence of the collector current density on the base-emitter voltage of an InGaP/GaAs Sb GaAs DHBT and an standard InGaP/GaAs HBT with an same emitter size of 30 40 m . As shown in Fig. 1 , the turn-on voltage of the InGaP/GaAs HBT at A/cm is 1.085 V and the of the DHBT is 0.935 V. The of InGaP/GaAs Sb GaAs DHBT is 150 mV lower than that of standard InGaP/GaAs HBT. In view of the influence of the changes in the base doping and the base thickness, which cause a reduction of 24 mV according to the calculation method proposed by the literature [2] , the real reduction of the turn-on voltage produced by increasing Sb composition in GaAs is 126 mV. On the other hand, the reduction of the band gap and the valence band offset produced by increasing Sb composition in GaAs can be estimated by following expressions [4] :
where Sb is the Sb composition in GaAsSb alloy, is the reduction of the band gap produced by increasing Sb composition in GaAs, and is produced valence band offset. The aforementioned expressions are based on the PL measurement (1) and (2), we can obtain meV and meV for 8% Sb composition, respectively. The reduction of the is in excellent agreement with the reduction of the band gap. The reduction of the is also almost consistent with the reduction of the estimated valence band offset. This indicates that the band gap offset produced by increasing Sb composition mainly appears on the valence band. In addition, it can be seen from Fig. 1 that the collector current begins to saturate for the GaAsSb base HBT near 10 A/cm , but not for the GaAs base HBT. This is due to the large base series resistance of the GaAsSb HBT, which comes from both low base doping (only 2 10 cm ) and bad base ohmic contact. Measured base sheet resistance for the GaAsSb DHBT is 1986 and the base specific contact resistance is about 1.5 10 cm . In contrast, the base sheet resistance and the base specific contact resistance for the InGaP/GaAs HBT are 182 and 5.52 10 cm , respectively. Fig. 2 shows the common emitter current-voltage ( -) characteristics of the DHBT. The device displays uniform current gain from low to high current level. The dc current gain is about 40 and the incremental current gain is more than 50 at a collector current level of mA. Measured emitter-collector offset voltage is 59 mV and the breakdown voltage of emitter-collector BV is 6-7 V. The device shows a lower Early voltage. It may be related to the blocking spike forming in the conduction band on the collector side of the base, due to inadequate grading distance for the Sb. Further experimental study is under way. Fig. 3 shows representative Gummel plots for the InGaP/GaAs Sb GaAs DHBT. The ideality factor of the collector current is 1.00 and that of the base current is 1.12. The low base current ideality factor indicates that little recombination takes place in the emitter-base space charge region [9] . It is worth noticing that there is still a current gain even at a collector current of 10 A, which is probably due to the lower surface recombination of InGaP and the large valence band discontinuity at the InGaP/GaAsSb interface. We obtained the identical current gains and ideality factors from a small device with an emitter area of 3 8 m . This observation suggests that the present DHBTs do not exhibit emitter size effect. The high gain down to low current densities can be used to minimize the power dissipation in circuit applications. In comparison with GaAs/GaAsSb/GaAs DHBT, where the current gain of 20 and the base current ideality factor of 2 were reported [8] , the base recombination current of InGaP/GaAs Sb GaAs DHBT is greatly reduced due to the use of InGaP as emitter layer. In addition to the improvement of the current gain, the use of InGaP emitter layer is also beneficial to the device reliability [10] .
IV. CONCLUSION
In summary, we have demonstrated the first InGaP /GaAs Sb GaAs DHBT, which exhibits excellent DC performances. The device shows a low turn-on voltage, which is 150 mV lower than that of conventional InGaP/GaAs HBTs. From the point of view of practical applications, a reduction of 0.4-0.5 V is required. This work provides a guideline to the reduction of the turn-on voltage. It shows that GaAsSb is a suitable base material for reducing the turn-on voltage of GaAs HBTs and the InGaP/GaAsSb/GaAs DHBTs can be a better candidate for the low turn-on voltage device. Our results also reveal that the InGaP/GaAsSb/GaAs DHBT grown by MOCVD is better than the GaAs/GaAsSb/GaAs DHBT grown by MBE.
